Abstract: Potato starch blended with MgSO 4 and conc. H 2 SO 4 -Mg(HSO 4 ) 2 generated in situ -forms directly starch sulfate magnesium salts. Properties of the products depend, first of all, on whether convectional heating (60 -70°C for 1 h) or microwave heating for either 30 min at 180 W or 5 min at 300 W is applied. Starch monoester and crosslinking diester are formed. The products are up to 95% watersoluble. They were characterized by means of thermal gravimetry and differential thermogravimetry, FTIR spectroscopy, and elemental analysis for Mg. Resulting products are potential plasticisers for cement, mortar, concrete, or other products containing hydraulic binders.
Introduction
Cement and concrete require several admixtures and additives improving their properties such as viscosity, plasticity, shrinkage, and strength [1, 2] . Thus, saccharides and polysaccharides have positive effects upon cement and concrete hydration and microstructure [3, 4] . Magnesium oxide controls ettringite and brucite expansion and, partly, thermal and autogenous shrinkage of those hydraulic binders [5] . Sulfates improve the resisting strength loss of concrete [6] . Common are attempts to design materials combining these improving properties. Frequently cheap, natural materials are utilised for this purpose. Such approach is also considered as a facile and suitable way of discarding waste materials from various industrial branches. Thus, sulfated natural materials like lignosulfonic acids and polysaccharides have attracted considerable attention as plasticising additives to hydraulic binding materials [2] . As a cheap, versatile, renewable, and biodegradable material, starch was modified to design additives and admixtures for cement and concrete. Among others, sulfated starch was patented and exploited for this purpose [7] [8] [9] [10] . Recently, also the calcium salt of sulfated starch was patented as superplasticiser for concrete [11] .
There are several methods of starch sulfation [9, 10, 12] . Sulfated starch could readily be transformed into its metal salts [13] .
In this paper a one-pot synthesis of sulfated starch magnesium salt [14] is presented. It utilises two industrial waste materials, i.e., sulfuric acid from copper ore treatment, and magnesium sulfate, a by-product from the manufacture of phosphate fertilisers.
Results and discussion
The Polish copper industry located in Lower Silesia massively produces sulfuric acid. Phosphorus fertiliser enterprise located at Wrocław in Lower Silesia produces spare magnesium sulfate. Both products are only partly utilised and, chiefly, constitute a waste. One might suppose that they could be reacted with starch into starch sulfate magnesium salt. Potentially, that product could be considered as a plasticiser for cement, mortar, concrete, or other products containing hydraulic binders.
Starch can readily be phosphated on curing it with salts and hydrogen salts of phosphoric acids [10, 15] . Curing of starch with pyroantimonate (National Starch and Chemical Corp., [16] ), bismuth hydroxide nitrate oxide [17] , sodium bismuthate [18] , and either titanium(IV) sulfate or hydrous titanium(IV) oxide [19] resulted in the formation of corresponding starch metal salts. Therefore, curing starch with Mg(HSO 4 ) 2 could be a way of manufacturing the magnesium salt of starch sulfate. Unknown in a stable form, magnesium hydrogen sulfate could be available in situ from an equimolar blend of sulfuric acid and magnesium sulfate and its reaction with starch might result in direct starch magnesium sulfation.
Magnesium sulfation of starch was carried out on either conventional or microwave heating of starch blended with varying amounts of admixed magnesium hydrogen sulfate generated in situ, simultaneously manipulating the reaction temperature or power of the microwave oven, reaction time, and excess of magnesium sulfate to optimise the reaction conditions. The latter factor could be essential for inhibiting acid-catalysed hydrolysis of starch [20] . In every case either colourless or light beige, solid, fairly water-soluble reaction products were formed. The most suitable reaction conditions were selected, first of all, based on results of thermogravimetric (TG) and differential thermogravimetric (DTG) analyses of the reaction products and substrates.
Figs. 1 -3 present thermograms of dried starch, magnesium sulfate, and magnesium hydrogen sulfate, respectively. A sharp, one-step decomposition of starch took place at 273°C (a DTG minimum in Fig. 1 ). Apparently anhydrous magnesium sulfate lost one water molecule up to 332°C (13.4% weight loss; calculated loss for one water molecule was 13%) and beyond that temperature was stable up to, at least, 500°C (Fig. 2) . The thermal decomposition of Mg(HSO 4 ) 2 is more complex. It proceeds in three steps (see also Tab. 1). The main decomposition step occurs at 355°C.
On blending magnesium sulfate with sulfuric acid an equilibrium MgSO 4 + H 2 SO 4 Mg(HSO 4 ) 2 is established. There was always sulfuric acid in the reaction mixture that hydrolysed reacting starch and the reaction product into corresponding dextrins. Aqueous solubility is a necessary condition for a plasticiser, however, too deep degradation of the polymeric structure of the potential plasticiser might be non-beneficial for its functioning. Therefore, apart from reaction temperature and time, the position of the above equilibrium, i.e., the amount of sulfuric acid added was essential for the nature of the final products.
Reaction of starch with magnesium hydrogen sulfate prepared from magnesium sulfate and sulfuric acid in 1:1 proportion always led to a deep hydrolysis of starch no matter if convectional or microwave heating was applied. The resulting product was readily water-soluble. Its thermogram (Fig. 4) shows only the trace of a thermally stable component decomposing around 320°C. There are two DTG peaks in the lowtemperature range of the thermogram. They are typical of the first dehydration step of magnesium sulfate and the first step of decomposition of magnesium hydrogen sulfate. An identical thermogram was recorded for a non-thermolysed 1:1 mixture of starch grounded with magnesium hydrogen sulfate in the mortar. A broad, single DTG peak appeared at 340°C. Coincidentally, it was located at the temperature of the final dehydration of magnesium sulfate. However, the associated weight loss in the product under consideration was twice as high as calculated and found for magnesium sulfate itself. Moreover, after final dehydration of magnesium sulfate there was a plateau in the corresponding thermogram, whereas in the thermogram of magnesium-sulfated starch the main decomposition was followed by further slower decomposition. It should also be underlined that no peak, which could be ascribed to the thermal decomposition of starch, could be seen in that diagram. Thermograms of the products of the microwave-assisted reactions were entirely different. There were two thermal effects observed in the regions of 260 and 300°C as illustrated in Fig. 6 . The DTG peak effects slightly differed depending on reaction conditions applied (Tab. 1). Slow, complex decomposition of the product (the TG line) attracts attention.
Insight in the pattern of the TG lines (Tab. 2) revealed that all the products were nonhygroscopic. Usually, they showed between 1 and 6.5% moisture loss in two intervals at 26 -84 and 84 -146°C and products from convectional heating hold slightly more water. Between both stages of drying and the stages of main decompositions there were three other subtle decomposition stages. The thermograms showed evidently that convectional heating provided a different product than did microwave heating. They could be products of monoesterification (1) and crosslinking esterification (2), respectively.
FTIR spectra confirmed the formation of magnesium-sulfated starch. The spectra of the products were clearly different from the spectra of magnesium sulfate and starch themselves as documented by the data collected in Tab. 3 (data for starch and magnesium sulfate) and Tab. 4 (data for magnesium-sulfated starch).
The most striking differences in the IR spectra of products from both styles of heating were observed in the range of 580 -615 cm -1 . In that range bands assigned to covalent sulfate occurred. In the spectra of the products from conventionally heated reactions the band was located below 600 cm -1 whereas in the products of the reactions in the field of microwaves that band resided above 600 cm -1 . That difference together with the differences in the course of thermal decomposition allowed determining the product of the convectionally heated reaction as monoester 1 and the product of the microwave-heated reaction as diester 2. Vibrations in the covalent sulfate in 2 should require higher energy and, hence, the corresponding peak in the FTIR spectrum was located at higher wave number. Also considerations on the course of thermal decomposition led to the conclusion that the decomposition of 2 should be more complex and, indeed, the pattern of the TG line delivered an argument for that.
Based on the shape and intensity of peaks in the thermograms of particular products, reaction yield, and aqueous solubility, the 3600 s convectional heating at 60 -70°C and either 1800 or 300 s microwave heating at 180 and 300 W, respectively, were most beneficial. Also higher concentration of MgSO 4 promoted the reaction.
Except products prepared with the lowest amount of magnesium sulfate (1:0.9), the aqueous solubility of magnesium-sulfated starches was between 76 and 95%. 613 s covalent sulfate a Abbreviations are related to band intensity. Their meaning is as follows: vs -very strong; s -strong; m -medium; w -weak; vw -very weak.
The degree of magnesium-sulfation was estimated based on the weight of MgSO 4 formed on sintering samples up to 1000°C. The applied proportion of the reagents (starch/magnesium hydrogen sulfate) provided a degree of esterification DE = 0.17. The amount of magnesium sulfate formed on sintering magnesium-sulfated starches 9
provided a DE varying between 0.09 and 0.11. In calculations the dry residue after combustion and sintering plain starch as well as the concentration of sulfuric acid lower than 100% (96%) was taken into account. Insight in Tab. a Samples are characterised in terms of the reaction conditions applied for their preparation. The ratio of reagents (starch:sulfuric acid:magnesium sulfate) is given in g. For samples prepared with microwave heating, power and time applied are given. b The abbreviations are related to the band intensity. Their meaning is as follows: vsvery strong; s -strong; m -medium; w -weak; vw -very weak.
Experimental part

Materials
Potato starch isolated by Potato Enterprise in Łomża (Poland) was air-dried (80°C, 12 h) retaining 4.4% moisture.
Anhydrous magnesium sulfate and conc. sulfuric acid (1.84 g/cm 3 ) were purchased from POCh Gliwice (Poland). Magnesium hydrogen sulfate was prepared in situ by blending equimolar amounts of anhydrous magnesium sulfate and conc. sulfuric acid. 
Starch magnesium sulfate
Freshly prepared blends of starch/conc. sulfuric acid/magnesium sulfate, in the proportions (w/w) 1:1:1, 1:0.1:0.9, 1:0.1:2.25, 1:0.1:4.5, 1:0.25:2.25, 1:0.5:4.5, were thoroughly homogenised and heated either: (i) convectionally (in a metal bath) at 60 -70°C for 60 -3600 s with gentle rotation of the reaction flask, or (ii) in a microwave oven (Samsung, M1711N, 2450 MHz) at 180, 300, 450, 600, and 800 W for 1800, 300, and 60 s. Reaction products were washed with 30 cm 3 ice-cold water, centrifuged, dried in the air and stored in tightly closed containers. Reaction yields were comparable and reached 50 -55%. The degree of magnesium-sulfation was based on the weight of magnesium sulfate collected after sintering samples at 1000°C. The experiments were run in duplicates.
Thermal analysis (TG, DTG, DTA)
The analyses were performed on 100 mg samples. They were heated in the oven in corundum crucibles from room temperature to 450˚C. A heating rate of 10˚C/min was applied. Corundum particles with φ = 8 µm were used as the standard. A PaulikPaulik Erdey D-1500-Q instrument (Budapest, Hungary) was used. Analyses were run in duplicates.
FTIR spectroscopy
Fourier transformation infrared spectroscopy spectra of samples in KBr discs were recorded in the range of 4000 -500 cm -1 with resolution of 4 cm -1 using a Matson 3000 FT-IR (Madison, Wisconsin, USA) spectrophotometer.
Solubility in water
Solubility was estimated according to ref. [21] . Samples (100 mg) were dissolved in distilled water (8 cm 3 ) and agitated for 30 min in a water bath at 25˚C and then centrifuged (4000 rpm for 5 min). The resulting transparent solution (5 cm 3 ) was transferred to a weighing dish of constant weight and dried at 120˚C to constant weight. Measurements were duplicated.
